Abstract-No previous study has addressed the relative contributions of environmental and genetic cues to the diurnal blood pressure rhythmicity. From 24-hour ambulatory recordings of systolic blood pressure obtained in untreated patients (51% women; mean age, 51 years), we computed the night-to-day ratio in 897 and morning surge in 637. Environmental cues included season, mean daily outdoor temperature, atmospheric pressure, humidity and weekday, and the genetic cues 14 single nucleotide polymorphisms in 10 clock genes. Systolic blood pressure averaged (±SD) 126.7±11.9 mm Hg, night-to-day ratio 0.86±0.07, and morning surge 24.8±10.7 mm Hg. In adjusted analyses, night-to-day ratio was 2.4% higher in summer and 1.8% lower in winter (P<0.001) compared with the annual average with a small effect of temperature (P=0.079); morning surge was 1.7 mm Hg lower in summer and 1.1 mm Hg higher in winter (P<0.001). The other environmental cues did not add to the night-to-day ratio or morning surge variance (P≥0.37). Among the 14 genetic variations, only CLOCK rs180260 was significantly associated with morning surge after adjustment for season, temperature, and other host factors and after Bonferroni correction (P=0.044). In CLOCK rs1801260 C allele carriers (n=83), morning surge was 3.7 mm Hg higher than in TT homozygotes (n=554). Of the night-to-day ratio and morning surge variance, season and temperature explained ≈8% and ≈3%, while for genetic cues, these proportions were ≈1% or less. In conclusion, environmental compared with genetic cues are substantially stronger drivers of the diurnal blood pressure rhythmicity. (Hypertension. 2017;69:
A n internal genetically programmed clock regulates the 24-hour circadian rhythmicity of biological functions, including blood pressure (BP). 1 Among the clock genes reported in the literature, the genes encoding brain and muscle Arnt-like protein-1 (ARNTL, alias BMAL1), 2 the clock homolog protein (CLOCK), 3 and cryptochrome circadian clock 1 and 2 (CRY1 and CRY2) 4 take a prominent place. Their expression in white blood cells shows diurnal rhythmicity. Host factors, lifestyle, and environmental cues also have a major impact on the 24-hour BP profile. The time a person habitually spends awake and asleep, 5 physical and psychological stressors on weekdays versus weekends, 6 smoking, 7 and drinking 8 all impact on the diurnal BP rhythmicity. Environmental cues include seasonality, 9 ambient temperature, 10 atmospheric pressure, and humidity. 11 Numerous studies dating back to the early 1980s described the influence of atmospheric conditions, 9-15 most often temperature, 10, 13, 14 on the conventionally measured office BP or on the out-of-the-office BP 13 either measured by home 14 or ambulatory monitoring. 10 However, all but 8 studies [9] [10] [11] [16] [17] [18] [19] [20] provided information on the BP level and not on the BP rhythmicity during the day. Results from studies of the 24-hour BP profile as outcome variable often stayed unadjusted for important covariables, such as host factors, 9, 17, 18 or the 24-hour BP level 11, 18 was confounded by a high proportion of participants on antihypertensive drug treatment, 10, 19 or these studies did not differentiate between seasonality and ambient temperature 9, 10, 16, 20 or included fewer than 100 participants. 17, 18 To our knowledge, no study addressed the amount of variance explained by environmental and genetic cues that potentially influence the diurnal BP rhythmicity. We addressed this issue in 897 untreated Chinese patients referred for ambulatory BP monitoring to our outpatient clinic. In addition to the BP level, we studied the night-today ratio and the morning surge of BP in relation to seasonal and meteorologic drivers of BP and 14 single nucleotide polymorphisms (SNPs) in clock genes, which we selected based on literature relating variation in clock genes to sleeping patterns 21 or BP.
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Methods
Study Population
As described elsewhere, 24, 25 we recruited consecutive patients referred for ambulatory BP monitoring to the Hypertension Outpatient Clinic of Ruijin Hospital, Shanghai, China. We adhered to the principles of the Declaration of Helsinki. The Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University School of Medicine, approved the study protocol. All patients gave informed written consent.
Of patients referred from December 2008 until November 2012, 929 were eligible for inclusion in the present analysis because they were not on antihypertensive drug treatment or off antihypertensive medication for at least 2 weeks because they had both their clinic and 24-hour ambulatory BP measured and because they had been genotyped for the SNPs of interest. For analysis of the night-to-day BP ratio, we excluded 32 participants because their ambulatory BP recording was unsuccessful (n=24) or because of missing genotypes (n=8). For analysis of the morning surge, we discarded an additional 260 participants because they had not completed a diary, so that reliably differentiating between the awake and asleep periods of the day was impossible. Thus, the number of participants analyzed totaled 897 for the night-to-day BP ratio and 637 for the morning BP surge.
BP Measurement
Physicians measured the office BP after the patients had rested in the sitting position for at least 5 minutes. They obtained 3 consecutive readings using the validated 26 Omron HEM-7051 monitor (Omron Healthcare Inc, Kyoto, Japan), which were averaged for analysis. We programmed validated 27 oscillometric SpaceLabs 90217 monitors (SpaceLabs Inc, Redmond, WA) to obtain BP readings at 20-minute intervals during daytime (6 am-10 pm) and at 30-minute intervals during nighttime (10 pm-6 am). 24, 25 For analysis, we defined daytime and nighttime as the intervals ranging from 8 am to 6 pm and from 11 pm to 5 am, respectively. For definitions of the night-to-day BP ratio, morning BP surge, ambulatory hypertension, masked, and whitecoat hypertension, see Expanded Methods in the online-only Data Supplement.
We limited our main analyses to systolic BP because in middleaged and older people, it is the main driver of risk and because we recently demonstrated in the same patient cohort that irrespective of age, systolic BP was the main determinant of target organ damage. 28 In the context of this article, BP, therefore, refers to systolic BP.
Environmental Cues of BP Variability
From the date on which the ambulatory recording was initiated, we determined the day of the week. We contrasted weekdays (Monday through Friday) with weekend days (Saturday and Sunday). For each day in the study period (from December 18, 2008 , to August 6, 2012), we obtained the mean daily temperature, relative humidity, and atmospheric pressure for Shanghai from http://www.wunderground.com/cgi-bin/findweather/getForecast?query=SHANGHAI (Weather Underground, Inc, San Francisco, CA). Spring ranged from March 1 to May 31, summer from June 1 to August 31, autumn from September 1 to November 30, and winter from December 1 to the last day of next year's February.
Genotyping
The 14 SNPs associated with 10 clock genes (BMAL1 rs6486121, rs3789327, rs969485, rs3816358, CRY2 rs10838524, CLOCK rs1801260, RORA rs10519096, rs16943453, RORB rs1410225, NPAS2 rs3888170, PER2 rs6431590, NMU rs9999653, STK38L rs16931815, TNFRSF9 rs2453021) were genotyped using the ABI PRISM SNapShot method (Applied Biosystems, Foster, CA) in a single reaction. 29 For the details of the SNapShot method, see Expanded Methods in the online-only Data Supplement. The Genotyping results were analyzed with GeneMapper 3.0 software (Applied Biosystems). More than 95% of the total samples were successfully genotyped for all 14 SNPs. To confirm the genotyping results, 30 samples were randomly selected and regenotyped by direct sequencing using a BigDye terminator (Applied Biosystems). The results were 100% concordant.
Other Measurements
We used the questionnaires originally administered to obtain information on each patient's medical history and smoking and drinking habits. Body mass index was body weight in kilograms divided by height in meters squared. We measured serum cholesterol and plasma glucose by automated enzymatic methods. Diabetes mellitus was a fasting plasma glucose level of ≥7.0 mmol/L, use of antidiabetic drugs, or a diagnosis documented in practice or hospital records.
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Statistical Analysis
For database management and statistical analysis, we used SAS software version 9.4 (SAS Institute Inc, Cary, NC). Significance was a 2-tailed α-level of ≤0.05. Means and proportions were compared using the large-sample z test and the χ 2 statistic, respectively. Serum glucose and total cholesterol values were log-transformed before analysis because of skewed distribution.
We tested Hardy-Weinberg equilibrium, using the exact statistics available in the PROC ALLELE procedure of the SAS package. To study how much variability of night-to-day BP ratio and of the morning surge was attributable to environmental and genetic cues, we first searched for covariables associated with these outcome variables in stepwise regression analysis. For the details of the stepwise regression analysis, see Expanded Methods in the online-only Data Supplement. To study the influence of genetic cues on the night-to-day BP ratio and the morning BP surge, we adjusted for covariables identified in the stepwise regression. In the genetic analyses, we contrasted minor allele homozygotes with major allele carriers (reference group) for all SNPs except for CLOCK (rs1801260) major allele homozygotes with minor allele carriers (reference group).
Results
Characteristics of Participants
The 897 participants included women (51.5%) and 41 (4.6%) diabetic patients. Age averaged (±SD) 50.7±10.5 years. The prevalence of ambulatory hypertension was 62.8%. The median number of readings averaged to estimate the 24-hour, daytime, and nighttime BP was 60, 29, and 12, respectively (Table S1 in the online-only Data Supplement). Tables 1 and 2 show the characteristics of the study participants by category of the night-to-day systolic BP ratio and by the 90th percentile of the morning BP surge, respectively. For more details about the characteristics of the participants, see Expanded Results in the online-only Data Supplement.
Host Factors and Environmental Cues
The host factors associated with the night-to-day BP ratio included sex, age, and serum total cholesterol, which in combination explained 3.7% of the variance (Table 3) . For the morning BP surge, the covariables were age and the 24-hour systolic BP, which explained 2.6% of the variance.
Of 897 patients who had their night-to-day BP ratio measured ( With adjustments applied for sex, age, 24-hour systolic BP, and serum total cholesterol, of the environmental cues (Table 3) , season and mean outdoor temperature entered the model for the night-to-day BP ratio but only season for the morning BP surge, respectively, explaining 7.7% and 3.0% of the variance. Compared with the average value throughout the year, the night-to-day ratio was 2.34% higher in summer and 1.77% lower in winter (P<0.001; Figure) and increased slightly with temperature (+0.09% per 7.8°C; P=0.079). Conversely, the morning BP surge was 1.66 mm Hg lower in summer and 1.12 mm Hg higher in winter (P<0.001; Figure) . With season and temperature in the regression models, neither the night-to-day ratio nor the morning surge were associated with atmospheric pressure (P≥0.75), humidity (P≥0.75), and week versus weekend day (P≥0.37). Values are means (±SD) or geometric mean (95% confidence interval) or number of participants (%). Ambulatory hypertension was a 24-h blood pressure of ≥130 mm Hg systolic or ≥80 mm Hg diastolic. Diabetes mellitus was a fasting plasma glucose of ≥7.0 mmol/L or use of antidiabetic agents or a diagnosis documented in practice or hospital records. Environmental cues refer to conditions on the day of ambulatory blood pressure monitoring. *P≤0.05; significance of the difference with normal dipper. †P≤0.001; significance of the difference with normal dipper. ‡P≤0.01; significance of the difference with normal dipper.
Genetic Cues
The 14 genotyped SNPs complied with Hardy-Weinberg equilibrium (P≥0.10). Table 4 provided the detailed information of the 14 SNPs. The minor allele frequency ranged from 7% of CLOCK rs1801260 to 47% of STK38L rs16931815. Based on the findings in Table 3 , we adjusted models of the genetic cues for sex, age, 24-hour systolic BP, serum total cholesterol, season, and temperature. With the adjustments applied, only 3 SNPs were weakly associated with diurnal BP rhythmicity ( Table 4) . The nightto-day BP ratio was 3.28% (95% confidence interval, 0.55-6.02; P=0.017; explained variance, 0.06%) higher in TT homozygotes (n=27) compared with C allele carriers (n=870) of BMAL1 rs6486121 and was 3.25% (0.04-6.47; P=0.037; explained variance, 0.04%) higher in TT homozygotes (n=19) compared with G allele carriers (n= 878) of BMAL1 rs3816358 ( Figure S1 ). In C allele carriers (n=83) of CLOCK rs1801260, the morning surge was 3.70 mm Hg (1.28-6.11; P=0.0032; explained variance, 1.41%) higher than in TT homozygotes (n=554; Figure S2 ). However, after Bonferroni correction, only the association of morning BP surge with CLOCK rs1801260 remained statistically significant (P=0.044). Sensitivity analysis in patients with masked hypertension or patients without diabetes mellitus and analyses based on the BPs during sleep and awakening hours produced similar results (Tables S2 and S3) 
Discussion
In the present study, the night-to-day BP ratio and the morning BP surge in 24-hour ambulatory recordings were analyzed as indexes of the diurnal BP rhythmicity. The key findings can be summarized in 3 points: (1) season is the predominant environmental cue for diurnal BP rhythmicity with a negligible additional influence of the daily mean outdoor temperature and no further contribution of atmospheric pressure, humidity, and week versus weekend day; (2) over and beyond season and temperature, the morning BP surge was weakly associated with CLOCK rs1801260; and (3) of the variance in the night-to-day ratio and the morning surge, season and temperature combined explained ≈8% and ≈3%, respectively, while for genetic cues, these proportions were ≈1% or less. Environmental compared with genetic cues seemed, therefore, to be substantially stronger drivers of the diurnal BP rhythmicity. The environmental and genetic cues associated with the night-to-day ratio and the morning surge derived from diastolic BP were consistent with those derived from systolic BP (data not shown).
Studies exploring the influence of atmospheric conditions on BP appeared in the literature since the early 1980s 15 but mainly focused on seasonality and the level of office BP. Seasonal BP variation has often been attributed to the changes in outdoor temperature. 20 However, most studies searched for the influence of season 10, 31 or temperature alone 16 or both without mutual adjustment. 9, 12, 14, 17, 18 Only few studies investigated the influence of season on BP adjusted for temperature 11, 13 or conversely adjusted the influence of temperature for season. 32, 33 Madsen and Nafstad 13 reported that in 18 770 Oslo citizens, office BP was highest in winter, but that adjustment for temperature removed the significance of this finding. Generally, daily temperature reflects the short-term variation in environmental BP cues, whereas season stands for the medium-to-long-term variation. BP phenotypes are probably more closely related to the mediumto-long-term variation in atmospheric conditions rather than to the short-term variation, as exemplified by our current finding that season was a stronger determinant of diurnal BP rhythmicity than daily temperature. In contrast to most of the published literature, 12, 13, 15 24-hour ambulatory monitoring enabled us to study the BP rhythmicity during the whole day. [9] [10] [11] [16] [17] [18] [19] [20] Our methods were concordant with a recent study 11 that also applied multivariable regression analyses to investigate the independent effects of host and environmental factors, including personal-level temperature, relative humidity, atmospheric pressure, and daylight hours (seasonality). However, the outcome variables in this study were 24-hour daytime and nighttime BPs instead of the night-to-day BP ratio. In adjusted analysis, daytime systolic BP was negatively related to the personal-level environmental temperature (−0.14 mm Hg/°C; 95% confidence interval −0.25 to −0.02); nighttime BP was positively related to daylight hours (0.63 mm Hg/h; 95% confidence interval 0.37-0.90); and morning BP surge rate was negatively related to daylight hours (−0.54 mm Hg/h; 95% confidence interval −0.87 to −0.21).
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Previous studies of the clock genes mainly addressed sleep disturbance 21 but rarely researched on BP. 2 In a family-based study, including 1304 participants, office hypertension was associated with a 3-marker haplotype (rs6486121, rs3789327, and rs969485) in the BMAL1. 2 A second 2-marker haplotype (rs7950226 and rs11022775) showed association with type 2 diabetes mellitus. The SNPs associated with hypertension or type 2 diabetes mellitus were not in the same haplotype block. Leu et al 22 studied diurnal BP changes in relation to 23 tag SNPs in 11 clock genes. Five tag SNPs within 5 loci, including rs3888170 in NPAS2, rs6431590 in PER2, rs1410225 in RORB, rs3816358 in BMAL1, and rs10519096 in RORA, were significantly associated with the nondipper pattern in 372 young hypertensive patients. The authors generated genetic risk score by counting the number of risk alleles in each individual. Genotyping was then performed in an additional independent set of 619 young-onset hypertensive patients. Altogether, nondippers had a higher weighted genetic risk score than dippers (1.67 versus 1.54; P<0.001), and the additive genetic risk score also indicated a graded association with decreased diurnal BP changes (P=0.006), as well as a nondipper phenotype (P=0.031).
Dashti et al 23 examined whether environmental temperature on the day of participants' assessment was associated with office BP, using adjusted linear regression models in the GOLDN (Genetics of Lipid Lowering Drugs and Diet Network; n=819) and the BPRHS (Boston Puerto Rican Health Study; n=1248) cohorts. In GOLDN, each additional 1°C increase in environmental temperature was associated with 0.18 mm Hg lower systolic BP (P=0.0001) and 0.10 mm Hg lower diastolic BP (P=0.001). Similar results were seen in the BPRHS, but for systolic BP only. SNPs in 18 clock genes explained a statistically significant proportion of the variance in systolic BP (7.1%) in GOLDN. However, environmental temperature did not influence the identified genetic-BP associations. Association sizes and their 95% confidence interval (CI) express the change in the night-to-day blood pressure ratio or morning blood pressure surge associated with a 1-SD increase in continuous variables or with a condition being present vs absent. Host factors considered for entry in the stepwise regression procedure included sex, age, body mass index, drinking, log-transformed serum total cholesterol, and diabetes mellitus. Environmental cues included season (coded by the deviation from mean coding [see Methods] and offered as group to the stepwise procedure, mean daily outdoor temperature, atmospheric pressure, humidity, and week vs weekend days). Variables were allowed to enter and stay in the model with the P value set at 0.15. Models for environmental cues included sex, age, 24-systolic blood pressure, and serum total cholesterol. NS and an ellipsis indicate nonsignificant and not applicable, respectively. r 2 and R 2 are the coefficients of partial and multiple determination.
Strong points of our study are the high quality of the ambulatory BP recordings (Table S1 ), the avoidance of confounding by antihypertensive treatment, and the careful identification of covariables by a stepwise regression procedure. However, our study should also be interpreted within the context of its limitations. First, we only genotyped 14 SNPs in 10 clock genes, and the genetic effect identified as significant relied on a small number of minor allele homozygotes. Second, only 71.0% of 897 participants had completed a diary and could be included in the analyses of the morning surge. Third, we did not use actigraphy to quantify physical activity, the main driver of the diurnal BP profile as demonstrated by studies in shift workers. 34, 35 Finally, our study participants were patients referred for ambulatory BP monitoring to exclude hypertension or to confirm the indication to initiate antihypertensive drug treatment. The number of referrals was greater in spring (n=293) and winter (n=277) than in summer (n=171) and autumn (n=156), indicating a season-related referral bias. Our findings can, therefore, not be generalized to the population at large and should be confirmed in future prospective studies.
Perspectives
Environmental compared with genetic cues are substantially stronger drivers of diurnal BP rhythmicity. The environmental factors might also change the expression of the proteins encoded in clock genes. Future research should investigate expression profiles of clock genes (eg, in circulating white blood cells) 36 in response to external and including environmental cues. Studies of the relative importance of genetic variance and external cues in determining the diurnal rhythmicity would be greatly by repeating the ambulatory recordings in individual participants, keeping carefully diaries and wearing actigraphs to log body position and physical activity. Chr indicates chromosome; MAF, minor allele frequency; and SNP, single nucleotide polymorphism. *The regression analyses were adjusted for sex, age, 24-h systolic blood pressure, log-transformed serum total cholesterol, season, and temperature.
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